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GENERAL INTRODUCTION 
Cadmium is widely used in industrial applications such as 
electroplating and manufacturing of chemicals, paint, and ink. 
Consequently, elevated concentrations of cadmium have been observed in 
water, sediments, and fish in many lakes and rivers receiving effluents 
from industrial sources (Atchison et al. 1977; Boyer 1984; Wiener et al. 
1984). 
Cadmium is toxic to aquatic organisms at relatively low 
concentrations. Fish can be adversely affected at concentrations as low as 
0.4 to 0.5 ng/l (Rombough and Garside 1982), values well below lethal 
concentrations. The LCgg values for bluegills Lepomis macrochirus exposed 
to cadmium in waters of various hardness (range 18 to 200 mg/L as CaCOj) 
for example, range from 2.3 to 21.4 mg/L (Eaton 1974; Bishop and Mcintosh 
1981; Spehar and Carlson 1984). 
Most of the cadmium discharged into aquatic ecosystems accumulates in 
bottom sediments (Wiener et al. 1984; Rada et al. 1989). The sediments, 
therefore, represent a large reservoir of potentially bioavailable cadmium. 
Resuspension of contaminated bottom sediments by activities such as 
dredging and vessel passage may increase the exposure of fish to cadmium 
and certain other metals in the water column. The mobility of 
sediment-associated cadmium is increased by changes from reducing to 
oxidizing conditions and by changes in pH that occur during resuspension of 
sediments (Khalid et al. 1981; Forstner 1987). 
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Attempts to correlate cadmium concentrations in bulk sediment with 
burdens of the metal in whole fish have met with varied success (Boyer 
1984; Wiener et al. 1984). Therefore, a more sensitive and reliable 
indicator of sublethal exposure of fish to the metal is needed. Sublethal 
effects are often biochemical in origin, because most toxicants exert their 
effects by reacting with enzymes or metabolites in enzymatic reactions or 
by binding to and interacting with membrane structures or other functional 
components of the cell (Larsson et al. 1985). Sublethal biochemical 
indicators of metal exposure could facilitate detection of potential 
adverse effects on the individual fish before effects are manifested at the 
population level. 
The protein metallothionein (MT) has been widely proposed as an 
indicator of metal exposure in aquatic organisms (Olafson et al. 1979; 
Hamilton and Mehrle 1986; Benson et al. 1990; Garvey 1990). However, the 
utility of MT as an indicator of environmental exposure of aquatic 
organisms to metals has been variable (Roch et al. 1982; Roch and McCarter 
1984; Olsson and Haux 1986). Hamilton et al. (1987a,b) evaluated the MT 
measurement and its usefulness as an indicator of exposure to aqueous 
cadmium in brook trout SaTvelinus fontinah's. They concluded that free 
(unbound) cadmium in fish liver, not MT concentration, may be the best 
indicator of cadmium toxicity in fish. 
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The objectives of my study were three-fold: (1) to evaluate free 
cadmium and MT in fish liver as indicators of exposure to aqueous cadmium, 
(2) to assess the bioavailability to fish of cadmium in resuspended river 
sediment, and (3) to evaluate free cadmium and MT in fish liver as 
indicators of exposure to sediment-associated cadmium. 
Explanation of Dissertation Format 
The two sections of this dissertation represent two manuscripts that 
will be submitted for publication in scientific journals. In addition to 
the two main sections of the dissertation, there is a general introduction 
and general summary with accompanying references specific to those 
sections. The two sections of the dissertation were formatted according to 
the Canadian Journal of Fisheries and Aquatic Sciences to facilitate their 
publication in that journal. Authorship of the manuscripts is anticipated 
to be as follows: 
Section I. W. Gregory Cope, Gary J. Atchison, and James G. Wiener. 
Section II. W. Gregory Cope, Gary J. Atchison, James G. Wiener, and Mark 
T. Steingraeber. 
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SECTION I. FREE CADMIUM AND METALLOTHIONEIN IN FISH LIVER AS INDICATORS 
OF EXPOSURE TO AQUEOUS CADMIUM 
5 
Free cadmium and metallothionein in fish liver as indicators 
of exposure to aqueous cadmium 
William Gregory Cope 
From the Department of Animal Ecology, Iowa State 
University, Ames, lA 50011 
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ABSTRACT 
I evaluated metallothionein (MT), free (unbound) hepatic cadmium, and 
whole-body concentration of cadmium as indicators of cadmium exposure in 
juvenile bluegills Lepomis macrochirus. Fish were exposed to aqueous 
cadmium in two 28-d bioassays (bioassay I, 0.0 to 8.4 ng Cd/L; bioassay II, 
0.0 to 32.3 ng Cd/L) in an intermittent-flow diluter. The experimental 
design was completely randomized, with two replicates in each of eight 
treatments (seven cadmium exposures and one water control; 25 juvenile 
bluegills per replicate). Total cadmium concentrations were measured in 
various bluegill liver fractions and in whole bluegills to assess the 
partitioning of cadmium after the 28-d exposure. Concentrations of free 
cadmium and MT in bluegill livers and cadmium concentration in whole 
bluegills were positively correlated with aqueous cadmium concentration and 
were suitable as indicators of exposure. Free cadmium concentration in 
bluegill liver was a more sensitive indicator than MT or whole-body 
concentration during both bioassays, based on the lowest observed effect 
concentration of cadmium. 
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INTRODUCTION 
The early life stages of aquatic organisms are generally the most 
sensitive to toxic contaminants (McKim 1977). Fish are typically most 
sensitive to contaminants as embryos and larvae. Their early survival and 
growth can be significantly altered by contaminant exposure, and they can 
rapidly (in hours or days) accumulate contaminants during these stages 
(Birge et al. 1979). Once hatched from the egg, fish are fully exposed to 
aqueous contaminants. 
Cadmium is toxic to aquatic organisms at relatively low 
concentrations. Fish can be adversely affected by aqueous concentrations 
as low as 0.4 to 0.5 jug/L (Rombough and Garside 1982), values well below 
lethal concentrations. The LCgg values for bluegills Lepomis macrochirus 
exposed to cadmium in waters of various hardness (range 18 to 200 mg/L as 
CaCOj) for example, range from 2.3 to 21.4 mg/L (Eaton 1974; Bishop and 
Mcintosh 1981; Spehar and Carlson 1984). The toxicity of cadmium is partly 
due to its biochemical effects. Moreover, certain metallic and lipophilic 
organic compounds that accumulate in adults readily affect biochemical 
processes in growing and differentiating embryos and larvae (Birge et al. 
1987). Cadmium displaces zinc and copper in important metal!oenzymes and 
disrupts vital cellular functions by inhibiting or activating enzyme 
systems (Vallee and Ulmer 1972). 
Many investigators have measured cadmium burdens in fish exposed to 
cadmium in natural waters or the laboratory. Such measurements have 
provided important information on uptake and bioaccumulation, but have 
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yielded little information on the direct effects of cadmium on fish. 
Sublethal biochemical indicators of metal exposure could facilitate 
detection of potential adverse effects on the individual fish before 
effects are manifested at the population level. 
Recently, many biochemical and physiological measurements in fish 
have been suggested as possible indicators of contaminant stress 
(Sindermann 1988; Adams et al. 1989; Giesy and Graney 1989). Of these, the 
protein metallothionein (MT) has been widely proposed as an indicator of 
metal exposure in aquatic organisms (Olafson et al. 1979; Hamilton and 
Mehrle 1986; Benson et al. 1990; Garvey 1990). Metallothionein has a low 
molecular weight (6000-7000 daltons), is rich in sulfhydryl groups (25-30% 
cysteine by composition), and is heat stable (60''C for 5 min). 
Metallothionein serves a homeostatic function for the essential metals zinc 
and copper under metal non-enriched conditions (Kagi and Nordberg 1979). 
Production of MT is induced by exposure to cadmium, mercury, excess zinc, 
or excess copper. It protects against the toxic effects of these metals by 
complexing free metal ions, thereby reducing their availability to sites of 
potentially toxic action, such as membranes and cytosolic enzymes. 
Metallothionein in fish occurs primarily in the liver, kidney, 
intestine, and gills (Klaverkamp et al. 1984), and its concentration in 
these organs generally increases during exposure to metals (Olsson and Haux 
1986; Hamilton et al. 1987a,b; Brown et al. 1990). However, the utility of 
MT as an indicator of environmental exposure of aquatic organisms to metals 
has been variable (Roch et al. 1982; Roch and McCarter 1984; Olsson and 
Haux 1986). The recent literature on mammals suggests that a lack of 
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correlation between concentrations of MT and metal exposure in some studies 
may be due to induction of MT by factors other than metal exposure, such as 
stress, starvation, and varying hormone levels (Karin 1985; Hidalgo et al. 
1990), although the effects of environmental stress on induction of MT in 
fish are not clear (Thomas and Wofford 1984; Olsson et al. 1987; Overnell 
et al. 1987; Benson et al. 1990). Moreover, several studies of the same 
species of fish have found groups of low molecular weight, heat-stable 
metal ligands, in addition to MT, that bind cadmium (Thomas et al. 1983; 
Spry and Wood 1989), whereas other studies have not (Olsson et al. 
1989)--casting doubt on the use of MT as a sole indicator of metal 
exposure. 
Hamilton et al. (1987a,b) evaluated the MT measurement and its 
usefulness as an indicator of exposure to aqueous cadmium in brook trout 
Salveh'nus fontinalis. They concluded that free (unbound) cadmium in fish 
liver, not MT concentration, may be the best indicator of cadmium toxicity 
in fish. The concentration of free cadmium in fish liver is procedurally 
determined; free cadmium is defined as the concentration of cadmium in the 
100,000 X gravity liver supernatant minus the concentration of cadmium in 
the unsaturated MT assay supernatant (Hamilton et al. 1987a,b). The assay 
for unsaturated MT quantifies the concentration of cadmium bound to MT in 
its natural state. 
I evaluated free cadmium and MT in fish liver and whole-body 
concentration of cadmium in bluegills Lepomis macrochirus as indicators of 
exposure to aqueous cadmium. Free cadmium and MT concentrations in liver 
and whole-body cadmium concentrations were all highly correlated with 
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aqueous cadmium concentration. Based on the lowest observed effect 
concentration of cadmium for these three variables, free cadmium 
concentration in bluegill liver was the most sensitive indicator of aqueous 
cadmium exposure. 
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MATERIALS AND METHODS 
Test Organisms 
Juvenile bluegills were obtained from the National Fisheries Research 
Center in La Crosse, Wisconsin, during spring 1989 and maintained in a 
holding tank supplied with well water (pH 8.0; alkalinity 106 mg/L as 
CaCOj; hardness 141 mg/L as CaCO^; specific conductance 291 /iS/cm; 
temperature 12''C). Fish were fed ad libitum Zeigler #1 salmon starter 
(Zeigler Brothers, Inc., Gardners, PA) twice daily. 
Juvenile bluegills were exposed to a range of aqueous cadmium in two 
separate experiments conducted consecutively during the summer of 1989. 
In bioassay I, cadmium concentration ranged from 0.0 to 8.4 ng/l; in 
bioassay II, concentration ranged from 0.0 to 32.3 ng/l. The 208 fish used 
in analyses at the completion of bioassay I averaged 50 mm in total length 
(range 37-67 mm) and 2.00 g in wet weight (range 0.85-4.99 g). The 208 
fish used in analyses at the completion of bioassay II averaged 52 mm in 
total length (range 41-69 mm) and 2.32 g in wet weight (range 1.02-5.73 g). 
Exposure System 
After acclimation (3-5 d) of the juvenile bluegills to the test 
temperature of 22''C, a 28-d chronic toxicity test was conducted in an 
intermittent-flow diluter. The experimental unit was a 57-L glass aquarium 
adjusted to contain 45 L of test water by altering the stand-pipe height. 
The diluter cycled every 4.3 min, delivering 500 mL of exposure water per 
cycle to each aquarium, which replaced the 45-L exposure volume 3.7 times 
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per day. The experimental design (completely randomized) included two 
replicates in each of eight treatments (seven cadmium exposures and one 
water control). In each replicate, 25 juvenile bluegills were exposed to 
aqueous cadmium, added as cadmium chloride. 
Test Conditions 
Well water was used as test water. The toxicant exposure 
concentration in each aquaria was measured weekly throughout the tests 
(Table 1). The alkalinity, hardness, and specific conductance of test 
water in each aquaria were measured weekly, and the pH, temperature, and 
dissolved oxygen were measured daily throughout the tests (Table 2). Water 
quality characteristics (pH, alkalinity, hardness, specific conductance, 
temperature, and dissolved oxygen) were determined by standard methods 
(USEPA 1983). The pH and temperature were measured with a Beckman model § 
21 pH meter. Dissolved oxygen was determined with a Yellow Springs 
Instrument (YSI) model 57 oxygen meter. The photoperiod was maintained at 
16-h light: 8-h dark during the initial holding period and in the 
subsequent tests. Fish were fed Zeigler #1 salmon starter (Zeigler 
Brothers, Inc., Gardners, PA) twice daily at a rate of 1.5-2.0% per day of 
body weight. Aquaria were cleaned weekly of fecal matter and uneaten feed 
with a syphon. Mortality was recorded daily, and dead fish were removed 
from the aquaria. 
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Table 1. Aqueous cadmium concentration measured weekly during bioassays 
(n = 8 for each treatment) 
Cadmium concentration {fig/l) 
Bioassay I Bioassay II 
Treatment Mean Range Mean Range 
Control 0.03 0.01 -0.05 0.02 0.01-0.04 
2 0.8 0.7 -1.0 2.8 2.4 -3.5 
3 1.8 1.6 -2.0 6.2 5.0 -6.7 
4 2.2 2.1 -2.5 7.7 6.9 -8.8 
5 3.6 3.2 -4.0 13.2 11.5-14.1 
6 4.4 4.2 -4.9 16.1 14.7-18.1 
7 5.2 5.0 -6.2 19.7 18.0-21.3 
8 8.4 7.1 -9.8 32.3 30.0-34.6 
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Table 2. Characteristics of test water measured during bioassays 
Bioassay I Bioassay II 
Variable (unit) Mean Range Mean Range 
PH 7.8 7.5-8.0 7.9 7.8-8.0 
Alkalinity (mg/L as CaCOj) 100 97-105 112 110-113 
Hardness (mg/L as CaCOj) 134 129-144 147 145-148 
Specific conductance (/iS/cm) 271 255-297 310 303-317 
Temperature ("C) 21.8 21.5-22.1 21.7 21.5-21.9 
Dissolved oxygen (mg/L) 7.4 7.2-7.7 7.3 7.1-7.7 
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Sample Analyses 
Fish 
After the 28-d exposure, all surviving fish in each aquarium 
(replicate) were euthanized with MS-222 (Finquel®), and two composite 
samples--each containing five randomly selected fish--were taken. 
Individual fish in a composite sample were measured (total length) to the 
nearest millimeter, weighed to the nearest 0.01 g, and promptly dissected 
on an ice-cold glass plate. Livers were removed whole and promptly rinsed 
in an ice-cold rinse buffer containing 1:1 (v:v) 154 mM KCl and 10 mM 
Tris-HCl (pH 7.6). Individual livers were weighed by placing the rinsed 
liver into a tared, 6-mL glass scintillation vial containing 2 mL of 
homogenization buffer [1:1:1 (v:v:v) 250 mM sucrose, 2.5 mM dithiothreitol, 
and 50 mM Tris-HCl (pH 7.6)]. After weighing individual livers, the vial 
containing the composite sample of five livers was promptly frozen on dry 
ice and stored at -91°C until homogenization. 
Liver samples were thawed at room temperature for about 10-15 min and 
quantitatively transferred (with an additional 3 mL of homogenization 
buffer) to a 15-mL glass homogenizer tube setting in a beaker of ice. The 
ice-cold liver samples were then homogenized (total homogenization buffer 
volume of 5 mL) with 10 passes of a Teflon® homogenizer (TRI-R STIR-R, 
model K41, TRI-R Instrument Co.; setting of 4). Homogenates were then 
diluted to 11 mL with homogenization buffer and promptly heat-denatured in 
a boiling water bath (lOO'C) for 3 min to eliminate protease activity. 
After heat-denaturation, homogenates were cooled with ice for 3 min, and 
two 5-mL aliquants were withdrawn and placed into 8-mL thickwalled 
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polycarbonate ultracentrifuge tubes. Samples were centrifuged at 10,000 X 
gravity for 20 min at A'C (Beckman Model L8-55M ultracentrifuge, Type 50 
rotor) to remove particulate matter. The supernatant was then transferred 
to a second 8-mL thickwalled polycarbonate ultracentrifuge tube and 
centrifuged at 100,000 X gravity for 20 min at 4''C to obtain the 
cytoplasmic fraction. The supernatants of the two aliquants representing a 
single composite liver sample were then combined and stored at -20''C until 
analysis for cadmium or use in the saturated MT and unsaturated MT assays. 
The 100,000 X gravity supernatants were thawed at room temperature 
for about 15-20 min and separate aliquants were removed for cadmium 
analysis, the saturated MT assay, and the unsaturated MT assay. The 
saturated MT assay for the indirect quantitation of MT was conducted with 
the cadmium-saturation method of Eaton and Toal (1982, 1983) except that 
cadmium incorporation was measured with graphite furnace atomic absorption 
spectrophotometry, not with ^"'Cd radioactivity. In the saturated MT 
assay, 500 fil of 100,000 X gravity supernatant and 250 juL of a 0.32 ng/juL 
cadmium solution (as cadmium chloride; 3.56 nmol Cd/mL total assay volume) 
were placed into a 1.5-mL polypropylene microcentrifuge tube and incubated 
at room temperature for 10 min. Then, 250 of a 2% (w:v) bovine 
hemoglobin (Hb; Sigma H2500) solution (made with homogenization buffer) was 
added and incubated at room temperature for 10 min. The Hb was then 
denatured in a boiling water bath (lOO'C) for 3 min, rapidly cooled on ice 
for 3 min, and centrifuged at 10,000 X gravity for 5 min (Savant model 
HSCIOKA, model HSR48 rotor). The Hb addition step was repeated once, and 
500 nl of the final supernatant was withdrawn for cadmium analysis. The 
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concentration of MT was calculated by the equation given by Hamilton et al. 
(1987a), which was based on the assumptions of 112.4 ng Cd/nmol Cd, 7 nmol 
Cd/nmol MT, and 1 nmol MT/6000 ng MT. 
The unsaturated MT assay for the quantitation of MT in its natural 
state was conducted with the method of Hamilton et al. (1987a,b). In the 
unsaturated MT assay, 500 /tL of 100,000 X gravity supernatant and 250 fil of 
1% (w:v) bovine hemoglobin solution were placed into a 1.5-mL polypropylene 
microcentrifuge tube and incubated at room temperature for 10 min. The Hb 
was then denatured in a boiling water bath (lOO'C) for 3 min, rapidly 
cooled on ice for 3 min, and centrifuged at 10,000 X gravity for 5 min. 
The Hb addition step was repeated once, and 500 juL of the final supernatant 
was withdrawn for cadmium analysis. 
Total cadmium concentrations were measured in 500-/iL aliquants of the 
100,000 X gravity supernatant, the saturated MT assay supernatant, and the 
unsaturated MT assay supernatant, which were placed in 6-mL glass 
scintillation vials, loosely capped with Teflon®-lined caps, and digested 
with 500 nl of 16 N HNOj (Ultrex®, J.T. Baker Chemical Co.). Scintillation 
vials were placed in a water bath for 8 h at 70°C. Total cadmium was 
determined in diluted digestates with an Instrumentation Laboratory model 
551 atomic absorption spectrophotometer equipped with a model 655 furnace 
atomizer and a model 254 FASTAC® auto-sampler. 
In addition to the fish sampled for liver tissue, three fish from 
each replicate were randomly selected and analyzed for whole-body cadmium 
concentration. Each of these fish was measured (total length) to the 
nearest millimeter, weighed to the nearest 0.01 g, and placed into a 
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labelled Ziploc® bag. The fish were quickly frozen on dry ice and stored 
at -40°C until lyophilization. Each fish was lyophilized to a constant 
weight (96 h) at a condenser coil temperature of -60°C and weighed to the 
nearest 0.01 g. Total cadmium concentrations were measured on whole 
lyophilized bluegills that were placed in 75-mL ignition tubes and digested 
with 5 mL of 16 N HNO3 (Instra-Analyzed®, J.T. Baker Chemical Co.). 
Ignition tubes were placed in aluminum heating blocks for 24 h at 95'C. 
Total cadmium was determined by flame atomization with an Instrumentation 
Laboratory model 551 atomic absorption spectrophotometer. 
Test water 
Cadmium concentrations in test water were determined weekly during 
each 28-d bioassay. Water samples were collected from each aquarium with 
125-mL Nalgene® high-density polyethylene bottles. Samples were promptly 
acidified with 16 N HNO3 (Ultrex®, J.T. Baker Chemical Co.) to pH <2 and 
analyzed by direct aspiration with graphite furnace atomic absorption 
spectrophotometry. 
Quality Assurance 
Equipment, sample containers, and glassware were washed with 
Liquinox® detergent, rinsed with tap water, soaked at least 12 h in 8 N 
HNO3 and rinsed in deionized water (15-18 MO/cm). Delicate or less 
acid-resistant labware such as ultracentrifuge and microcentrifuge tubes 
were washed with Liquinox® detergent, rinsed with tap water, soaked at 
least 4 h in 1.6 N HNO3 and rinsed in deionized water. Stainless steel 
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dissection instruments were washed with Liquinox® detergent, rinsed in tap 
water, and rinsed in deionized water. 
A set of quality-assurance samples was analyzed with each batch of 
samples to estimate the accuracy of cadmium determinations. Each set of 
quality assurance samples included (1) one or more standard reference 
materials that approximated the matrix and concentration range of the 
samples, (2) cadmium-spiked samples, (3) replicate samples, and (4) 
procedural blanks and calibration standards. A standard addition procedure 
was also used with each type of material analyzed to evaluate matrix 
interference. 
Fish 
During analyses of fish liver, procedural blanks were taken through 
homogenization, centrifugation, assay, and storage procedures to assess 
contamination from reagents, equipment, and containers. Procedural 
analysis of a purified (noncertified) rabbit cadmium-zinc MT standard 
(Sigma M7641; estimated cadmium concentration of 75.2 fig/mg) standard was 
used to assess possible underestimation (removal of cadmium from MT binding 
sites by Hb) and overestimation (incomplete removal of added cadmium by Hb) 
of cadmium concentrations during the unsaturated and saturated MT assays. 
The recovery of cadmium from ten cadmium-zinc MT samples processed through 
the unsaturated MT assay averaged 87% (range 68-105%), whereas recovery 
during analyses of ten cadmium-zinc MT samples processed through the 
saturated MT assay averaged 91% (range 84-97%). Analyses of ten 
cadmium-zinc MT samples in homogenization buffer (approximating the matrix 
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of the 100,000 X g supernatant samples) yielded a mean cadmium recovery of 
81% (range 66-96%). The mean recovery of cadmium from ten spiked 
liver-fraction samples was 99% (range 96-105%). The relative standard 
deviation from analyses of triplicate liver-fraction subsamples for cadmium 
averaged 3.4% (range 1.9-4.7%). 
Analysis of a National Resource Council of Canada (NRCC) standard 
reference material (dogfish muscle, DORM-1) with each batch of 
liver-fraction samples yielded mean measured concentrations of cadmium 
within the NRCC certified range in seven of eight determinations. During 
determinations of cadmium in whole bluegills, analyses of a second NRCC 
standard reference material (dogfish liver, DOLT-1) yielded cadmium 
concentrations within the certified range in five of six determinations; 
the single aberrant measurement was within 1% of the certified range. The 
recovery of cadmium from six spiked fish samples averaged 95% (range 
90-100%). Method precision (relative standard deviation), estimated from 
analyses of six triplicate fish samples, averaged 0.7% and ranged from 0 to 
1.4%. For conditions used in analyses of samples from bioassay I, my 
estimated analytical detection limits in samples with low cadmium 
concentrations were as follows: 100,000 X gravity supernatant, 4.7 ng/g; 
unsaturated MT assay supernatant, 5.4 ng/g; saturated MT assay supernatant, 
8.7 ng/g; and whole bluegill, 0.02 pg/g wet weight. For conditions used in 
analyses of samples from bioassay II, my estimated analytical detection 
limits in samples with low cadmium concentrations were as follows: 100,000 
X gravity supernatant, 4.4 ng/g; unsaturated MT assay supernatant, 2.5 
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ng/g; saturated MT assay supernatant, 10.9 ng/g; and whole bluegill, 0.01 
Hg/g wet weight. Concentrations of cadmium exceeded the detection limits 
in all samples. 
A sample of the fish ration was analyzed for selected metals by 
atomic absorption spectrophotometry. Measured mean concentrations (pg/g 
dry weight) of metals in triplicate subsamples of the fish ration were 0.35 
for cadmium, 20.9 for copper, 203 for zinc, and 0.03 for mercury. 
Test water 
A standard addition procedure revealed the presence of a consistent 
matrix interference (20% depression) during analysis of test water for 
cadmium. Therefore, a matrix similar to that of the samples (laboratory 
well water) was used to make blanks and calibration standards; the 
regression slopes of the resulting standard curves did not differ from the 
slopes obtained from the standard addition procedure. 
Analysis of U.S. Environmental Protection Agency water pollution 
control samples (Trace Metals I) yielded mean cadmium concentrations within 
the Agency's 95% confidence intervals in all five determinations. The 
recovery of cadmium from four spiked water samples averaged 98% (range 
96-103%). The relative standard deviation from analyses of four triplicate 
water samples for cadmium averaged 2% (range <1-5%). For conditions used 
in analyses of samples from bioassays I and II, my estimated analytical 
detection limit in samples with low cadmium concentrations was 0.008 pg/L. 
Concentrations of cadmium exceeded the detection limit in all samples. 
Analysis of U.S. Environmental Protection Agency quality control 
samples for mineral and pH analysis, done with the weekly water quality 
samples, yielded mean values for pH, alkalinity, hardness, and specific 
conductance that were within the Agency's 95% confidence intervals in 36 of 
39 determinations. For pH, 3 of 12 determinations yielded values slightly 
(<2%) above the Agency's range. 
Statistical Analyses 
Statistical analyses were performed with PC-SAS (SAS Institute 1987). 
Variation among treatments in the concentrations of cadmium in bluegill 
liver and assay supernatants, whole fish, and MT was evaluated with one-way 
analysis of variance (ANOVA). Before ANOVA, all variables were examined 
for homogeneity of variances with Hartley's test (Sokal and Rohlf 
1981). Variances of all dependent variables examined were unequal, and the 
data were logarithmically transformed before ANOVA. Pairwise contrasts of 
treatment means were made with Tukey's hsd test. A Type I error (a) of 
0.05 was used to judge the significance of statistical tests. The Pearson 
correlation coefficients were calculated with individual data. 
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RESULTS 
The mean cadmium concentrations in each of the various liver 
fractions (Tables 3 and 4) and mean MT concentrations (Table 5) of juvenile 
bluegills from bioassay I and bioassay II varied significantly among 
treatments (one-way ANOVA; p < 0.01). All five of the fish variables 
measured during both bioassays were highly correlated in a dose-response 
manner with aqueous cadmium concentration (Table 6). In addition, 
whole-body concentrations of cadmium in bluegills were strongly related to 
free cadmium and MT concentrations in bluegill liver. In bioassay I, 
concentrations of cadmium in whole bluegills were positively correlated 
with concentrations of free cadmium (r = 0.79, p < 0.01) and MT (r = 0.86, 
p < 0.01) in bluegill liver. Cadmium concentration in whole bluegills was 
also correlated with free cadmium (r = 0.63, p < 0.01) and MT (r = 0.69, p 
< 0.01) in bioassay II. 
Mean concentrations of cadmium in whole juvenile bluegills exposed to 
aqueous cadmium were 1.8- to 10.4-fold those in control fish during 
bioassay I and 6.3- to 44.3-fold those in controls in bioassay II. Mean 
concentrations of cadmium in whole bluegills from bioassay I varied among 
treatments (one-way ANOVA; p < 0.01), ranging from 0.05 to 0.52 /xg/g wet 
weight. The mean concentrations of cadmium in whole juvenile bluegills 
from bioassay II also varied among treatments (one-way ANOVA; p < 0.01), 
ranging from 0.03 to 1.33 /xg/g wet weight (Table 7). 
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Table 3. Cadmium concentrations in various liver fractions (MT denotes 
metallothionein; standard deviation in parentheses) of juvenile 
bluegills exposed to aqueous cadmium for 28 d in bioassay I (four 
composite liver samples were analyzed for each treatment, with 
five bluegill livers in each composite sample) 
Mean cadmium concentration (ng/g)* 
Exposure 100,000 X Unsaturated Saturated 
concn gravity MT assay Free MT assay 
(pg/L) supernatant supernatant cadmium supernatant 
0.0 265 a 70 a 195 a 1168 a 
(88) (23) (65) (302) 
0.8 800 b 291 b 509 b 1419 a 
(115) (33) (148) (309) 
1.8 1679 c 705 be 974 be 1752 ab 
(211) (221) (163) (195) 
2.2 2183 cd 1207 cd 976 be 2749 be 
(124) (103) (120) (103) 
3.6 3829 de 1919 cd 1910 cd 3450 e 
(1398) (447) (951) (761) 
4.4 3969 e 1706 d 2263 cd 4048 cd 
(528) (349) (348) (1344) 
5.2 5480 ef 1973 d 3507 d 4065 cd 
(750) (145) (805) (429) 
8.4 9445 f 5861 e 3584 d 7479 d 
(2995) (2261) (1285) (3289) 
For a given variable, any two means not accompanied by a common letter 
were judged to be significantly different (a = 0.05), based on Tukey's 
hsd test 
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Table 4. Cadmium concentrations in various liver fractions (MT denotes 
metallothionein; standard deviation in parentheses) of juvenile 
bluegills exposed to aqueous cadmium for 28 d in bioassay II 
(four composite liver samples were analyzed for each treatment, 
with five bluegill livers in each composite sample) 
Mean cadmium concentration (ng/g)* 
Exposure 100,000 X Unsaturated Saturated 
concn gravity MT assay Free MT assay 
(M/L) supernatant supernatant cadmium supernatant 
0.0 76 a 51 a 25 a 442 a 
(4) (12) (8) (77) 
2.8 1431 b 1182 b 249 b 2559 b 
(85) (218) (150) (772) 
6.2 3916 c 3091 cd 825 b 6553 c 
(674) (299) (648) (117) 
7.7 4976 cd 2172 be 2804 cd 8336 cd 
(1049) (124) (1003) (2284) 
13.2 4730 cd 3661 cd 1069 bed 10500 cde 
(351) (630) (491) (1450) 
16.1 4871 cd 4003 cd 868 bed 9306 cde 
(923) (612) (311) (1555) 
19.7 6808 cd 4721 d 2087 cd 14768 e 
(1219) (1999) (1103) (2585) 
32.3 8122 d 4648 d 3474 d 12067 de 
(2855) (2111) (830) (3550) 
For a given variable, any two means not accompanied by a common letter 
were judged to be significantly different {a = 0.05), based on Tukey's 
hsd test 
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Table 5. Liver weights and metal!othionein (MT) concentrations (standard 
deviation in parentheses) in liver of juvenile bluegills exposed 
to aqueous cadmium for 28 d in bioassay I and bioassay II (four 
composite liver samples were analyzed for each treatment, with 
five bluegill livers in each composite sample) 
Bioassay I Bioassay II 
Mean liver Mean liver 
Exposure wt (g) of Mean MT Exposure wt (g) of Mean MT 
concn composite concn concn composite concn 
(jug/L) sample (pg/g) (pg/L) sample (pg/g) 
0.0 0.1676 8.9 a 0.0 0.2147 3.4 a 
(0.04) (2.3) (0.03) (0.6) 
0.8 0.1885 10.8 a 2.8 0.1986 19.5 b 
(0.03) (2.4) (0.04) (5.9) 
1.8 0.1721 13.4 ab 6.2 0.1906 50.0 c 
(0.03) (1.5) (0.02) (0.9) 
2.2 0.1592 21.0 be 7.7 0.2160 63.6 cd 
(0.02) (0.8) (0.02) (17.4) 
3.6 0.1724 26.3 c 13.2 0.1857 80.1 cde 
(0.02) (5.8) (0.02) (11.1) 
4.4 0.1722 30.9 cd 16.1 0.1861 71.0 cde 
(0.01) (10.2) (0.01) (11.9) 
5.2 0.1816 31.0 cd 19.7 0.1845 112.6 e 
(0.02) (3.3) (0.02) (19.7) 
8.4 0.2107 57.0 d 32.3 0.1856 92.0 de 
(0.04) (25.1) (0.02) (27.1) 
For a given variable, any two means from a bioassay not accompanied by a 
common letter were judged to be significantly different (a = 0.05), based 
on Tukey's hsd test 
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Table 6. Pearson correlation coefficients (r) of metallothionein (MT) 
concentration, whole-body cadmium concentration, and cadmium 
concentration in various liver fractions of juvenile bluegills 
with aqueous cadmium concentration during bioassay I (range 
0.0-8.4 /tg Cd/L) and bioassay II (range 0.0-32.3 jug Cd/L) 
Bioassay* 
Fish variable I II 
100,000 X gravity supernatant 0.98 0.92 
Unsaturated MT assay supernatant 0.95 0.90 
Free cadmium concentration 0.92 0.85 
Metallothionein concentration 0.91 0.94 
Whole-body cadmium concentration 0.90 0.78 
* All correlation coefficients were significant at the a = 0.01 level 
Table 7. Cadmium concentrations in whole juvenile bluegills exposed to 
aqueous cadmium for 28 days in two bioassays (n = 6 fish for each 
treatment) 
Bioassay I Bioassay II 
Cd concn (pg/g wet wt) Cd concn (pg/g wet wt) 
Exposure Exposure 
concn 
(pg/L) Mean* Range 
concn 
(pg/L) Mean* Range 
0.0 0.05 a 0.03-0.07 0.0 0.03 a 0.01-0.05 
0.8 0.09 ab 0.07-0.13 2.8 0.19 ab 0.11-0.25 
1.8 0.14 abc 0.11-0.20 6.2 0.31 abc 0.25-0.39 
2.2 0.19 bed 0.12-0.27 7.7 0.37 abc 0.25-0.49 
3.6 0.24 cd 0.17-0.35 13.2 0.73 cd 0.43-1.31 
4.4 0.29 de 0.21-0.36 16.1 0.60 be 0.43-0,77 
5.2 0.36 e 0.26-0.49 19.7 0.66 cd 0.48-0.81 
8.4 0.52 f 0.44-0.78 32.3 1.33 d 0.46-2.93 
Any two means from the bioassay not accompanied by a common letter were 
judged to be significantly different (a = 0.05), based on Tukey's hsd 
test 
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The lowest observed effect concentration (LOEC) of cadmium (based on 
Tukey's hsd minimum significant difference; Tables 3, 4, 5, and 7) in test 
waters showed that free cadmium concentration in bluegill liver was the 
most sensitive of the three primary dependent variables of interest (free 
cadmium concentration in liver, MT concentration in liver, and whole-body 
cadmium concentration) as an indicator of exposure to aqueous cadmium in 
both bioassays. Relative to controls, free cadmium concentration in 
bluegill liver was significantly elevated in test waters containing cadmium 
concentrations as low as 0.8 pg/L (bioassay I) and 2.8 fig/l (bioassay II). 
For MT concentration in bluegill liver, the LOEC for aqueous cadmium was 
2.2 ng/l in bioassay I and 2.8 pg/L in bioassay II. For whole-body cadmium 
concentration in bluegills, the LOEC for aqueous cadmium was 2.2 ng/l in 
bioassay I and 13.2 jug/L in bioassay II (Table 7). 
Mortality of test fish did not show a dose-response relation to 
aqueous cadmium concentration during either bioassay. One fish died in 
each treatment except the 0.0, 4.4, and 8.4 pg/L treatments during bioassay 
I. No test fish died in bioassay II. 
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DISCUSSION 
Concentrations of free cadmium and MT in bluegill liver and of 
whole-body cadmium in bluegills were strongly related to aqueous cadmium 
concentrations during both bioassays. Free cadmium, MT, and whole-body 
cadmium concentrations in bluegills were all highly correlated with aqueous 
cadmium concentration and seem to be suitable indicators of aqueous cadmium 
exposure. However, the LOEC of cadmium in test waters showed that free 
cadmium concentration in bluegill liver was a more sensitive indicator of 
aqueous cadmium exposure than MT concentration in bluegill liver or 
whole-body cadmium concentration. 
I compared my results for bluegills to those of Hamilton et al. 
(1987a,b) for brook trout (Table 8), limiting the contrast to the data of 
Hamilton et al. from a similar duration of exposure (30 d) and range of 
aqueous cadmium (0-30 jug/L). This comparison showed that control fish of 
the two species had similar concentrations of free cadmium (26-40 ng/g), MT 
(3.4-3.5 /ig/g), and whole-body cadmium (0.03-0.04 fig/g wet weight). 
However, when the values for these same variables for fish from the highest 
cadmium exposure concentrations (about 30 pg/L) were compared, the response 
to cadmium was greater in bluegills than in brook trout. In comparing the 
highest mean values for the two species, free cadmium was 3584 ng/g in 
bluegill and 1282 ng/g in brook trout, MT was 113 pg/g in bluegill and 23 
/ig/g in brook trout, and whole-body cadmium was 1.33 pg/g in bluegill and 
0.75 ng/g in brook trout. This pattern may be due to differences in 
sensitivity to cadmium between the two species (Norey et al. 1990), 
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Table 8. Comparison of aqueous cadmium stress between bluegills (this 
study) and brook trout (data from Hamilton et al. 1987a,b) 
Fish species 
Variable 
Bluegill Brook trout 
Exposure duration (d) 28 30 
Exposure range (/ig/L) 0-32 0-30 
Free Cd concn (ng/g) 26-3584 40-1282 
Hepatic metallothionein 3.4-113 3.5-23 
concn (ng/g) 
Whole-body Cd concn 0.03-1.33 0.04-0.75 
(pg/g wet wt) 
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even though the LOECs of cadmium in test waters for free cadmium 
concentration were similar for the two species (0.8 pg/L in bluegill and 
1.0 fig/l in brook trout). Free cadmium concentration in liver was the most 
sensitive indicator of aqueous cadmium exposure in both studies. 
Mean concentrations of free cadmium and MT in bluegill liver (Tables 
3-5) in control fish differed between bioassays. This variation, although 
unexplained, is not uncommon. For example, Hamilton et al. (1987a,b) 
observed similar variation in concentrations of free cadmium and MT in 
liver of control brook trout between experiments. 
The average concentration of free cadmium in bluegill liver from all 
treatments represented 56% of the cadmium in the 100,000 X gravity 
supernatant in bioassay I and 30% of the cadmium in the 100,000 X gravity 
supernatant in bioassay II. The corresponding unsaturated MT fraction 
represented 44% of the cadmium in the 100,000 X gravity supernatant in 
bioassay I and 70% of the cadmium in the 100,000 X gravity supernatant in 
bioassay II. I found that less cadmium was bound to MT in its natural 
state (unsaturated MT) in bioassay I than in bioassay II. Similarly, 
Hamilton et al. (1987a,b) found that the proportion of cadmium bound to MT 
in its natural state increased from 8 to 15% when brook trout were exposed 
to a higher concentration of aqueous cadmium (0.0-19.1 /tg/L versus 0.0-60.6 
pg/L). A greater proportion of free cadmium was potentially available to 
cause toxicity to enzymes and proteins in bluegill liver at the 
concentration range of aqueous cadmium in bioassay I than in bioassay II. 
In addition, the average concentration of free cadmium in bluegill liver 
was slightly greater in bioassay I (1740 ng/g) than in bioassay II (1425 
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ng/g). Acute cadmium exposure through water or by intraperitoneal 
injection, in contrast, generally saturates the MT binding sites with 
cadmium (Hamilton et al. 1987a; Brown et al. 1990). 
Concentrations of MT were highly correlated with aqueous cadmium 
exposure in my study; yet the large difference between the concentrations 
of cadmium in the saturated MT fraction and the unsaturated MT fraction, 
and the occurrence of free cadmium suggest the presence of zinc and copper, 
which also bind to MT. Hamilton et al. (1987b) suggested that the 
essential metals zinc and copper may occupy more of the metal-binding sites 
on MT than does cadmium, due to their greater natural abundances. They 
further suggested that during low-level cadmium exposure, the binding of 
metals to MT depends on an equilibrium between the relative abundance of 
metals present and their respective binding affinities for MT. Indeed, 
Brown et al. (1990) found that chronic exposure of scorpionfish Scorpaena 
guttata to aqueous cadmium altered zinc and copper levels in the 
enzyme-containing and MT-containing fractions and resulted in an 
equilibrium-dependent exchange of cadmium between these fractions. 
Zinc and copper were available to fish in my study through both 
dietary and aqueous routes of uptake. The concentrations of zinc and 
copper in fish feed were 203 and 21 jug/g dry weight, respectively. The 
concentration of zinc in test waters was 3.0 ng/l, and the concentration of 
copper was 18 ng/l. Spry and Wood (1989), who evaluated the influence of 
dietary and aqueous zinc on heat-stable metal ligands in rainbow trout 
Oncorhynchus mykiss, found that the thresholds for induction of metal 
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ligands in gill and intestine (the liver did not respond significantly) 
were 39 jug/L in water and exceeded 90 pg/g in the diet, but only when 
aqueous zinc was also high. 
In summary, free cadmium and MT concentrations in bluegill liver and 
whole-body cadmium concentrations were all suitable indicators of aqueous 
cadmium bioavailability. Free cadmium concentration in bluegill liver was 
the most sensitive of these three variables as an indicator of aqueous 
cadmium exposure, based on the LOEC for aqueous cadmium. 
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ABSTRACT 
I assessed the bioavailability of cadmium in resuspended river 
sediments to bluegills Lepomis macrochirus in a laboratory bioassay. 
Concentrations of cadmium in the bulk surficial (uppermost 5 cm) sediments 
tested, collected from the upper Mississippi, Des Plaines, and Illinois 
rivers, ranged from 1.3 to 21.4 /tg/g dry weight. The experimental design 
was a randomized block, which included three replicates in each of six 
treatments (five sediment exposures and one sediment-free control). In 
each replicate, 25 juvenile bluegills were exposed to resuspended sediment 
(nominal total suspended solid concentration of 1000 mg/L) for 28 d. Total 
cadmium concentrations were measured in resuspended sediment, filtered 
water, various bluegill liver fractions, and whole bluegills to quantify 
the partitioning of cadmium after the 28-d exposure. Mean concentrations 
of cadmium in whole bluegills, which varied from 0.04 to 0.14 jug/g wet 
weight in the six treatments after exposure, were positively correlated 
with the cadmium concentration in water, resuspended sediment, and bulk 
river sediment. Concentrations of free cadmium and metallothionein (MT) in 
bluegill livers and cadmium concentration in whole bluegills were 
positively correlated with cadmium concentration in water, resuspended 
sediment, and bulk river sediment. Whole-body cadmium concentration was a 
more sensitive indicator of cadmium exposure to sediment-associated cadmium 
than either free cadmium or MT concentrations in bluegill liver. 
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INTRODUCTION 
Many contaminants that enter riverine ecosystems accumulate in bottom 
sediments (Wiener et al. 1984; Rada et al. 1989), which constitute a large 
reservoir of potentially bioavailable contaminants. These contaminants are 
associated primarily with fine-grained sediments (silt, clay, and organic 
matter) that are deposited in quiescent backwater habitats and riverine 
pools (Bailey and Rada 1984; McHenry et al. 1984; Nielsen et al. 1984; 
Wiener et al. 1984). Bottom sediments in such areas serve as spawning 
substrates for many species of fish. The early life stages of fish, 
especially of species such as the bluegill Lepomis macrochirus, which 
spawns directly on or close to bottom sediments, are exposed to many 
sediment-associated chemicals (Birge et al. 1987). Sediment-associated 
contaminants such as cadmium may affect the survival and growth of young 
fish and influence the status of riverine fish populations. 
Although anthropogenic discharges of contaminants such as cadmium can 
be reduced, concentrations in fish may remain high for many years (Olsson 
and Haux 1986). The continued bioaccumulation of such substances in fish 
in such cases may be due to their continued mobilization from sediment. 
Little is known about the factors that influence the bioavailability of 
cadmium in bulk and resuspended sediments. Resuspension of contaminated 
bottom sediments by activities such as dredging and vessel passage may 
increase the exposure of fish to cadmium and certain other metals in the 
water column. The mobility of sediment-associated cadmium is increased by 
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changes from reducing to oxidizing conditions and by changes in pH that 
occur during resuspension of sediments (Khalid et al. 1981; Forstner 1987). 
Many investigators have measured cadmium burdens in fish from the 
environment; however, bioaccumulation data alone do not indicate the direct 
biological impact of cadmium. Moreover, attempts to correlate cadmium 
concentrations in bulk river sediment with burdens of the metal in whole 
fish have met with varied success (Boyer 1984; Wiener et al. 1984). 
Therefore, more sensitive and reliable indicators of sublethal metal 
exposure are needed. Sublethal biochemical indicators of metal exposure 
could facilitate detection of potential adverse effects on the individual 
fish before effects are manifested at the population level. 
The protein metallothionein (MT) has been widely proposed as an 
indicator of metal exposure in aquatic organisms (Olafson et al. 1979; 
Hamilton and Mehrle 1986; Benson et al. 1990; Garvey 1990). 
Metallothionein has a low molecular weight (6000-7000 daltons), is rich in 
sulfhydryl groups (25-30% cysteine by composition), and is heat stable 
(60°C for 5 min). Metallothionein serves a homeostatic function for the 
essential metals zinc and copper under metal non-enriched conditions (Kagi 
and Nordberg 1979). Production of MT is induced by exposure to cadmium, 
mercury, excess zinc, or excess copper. It protects against the toxic 
effects of these metals by complexing free metal ions, thereby reducing 
their availability to sites of potentially toxic action, such as membranes 
and cytosolic enzymes. 
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Metallothionein in fish occurs primarily in the liver, kidney, 
intestine, and gills (Klaverkamp et al. 1984), and its concentration in 
these organs generally increases during chronic and acute exposure to 
metals (Olsson and Haux 1986; Hamilton et al. 1987a,b; Brown et al. 1990). 
However, the utility of MT as an indicator of environmental exposure of 
aquatic organisms to metals has been variable (Roch et al. 1982; Roch and 
McCarter 1984; Olsson and Haux 1986). The recent literature on mammals 
suggests that the lack of correlation between concentrations of MT and 
metal exposure in some studies may be due to induction of MT by factors 
other than metal exposure, such as stress, starvation, and varying hormone 
levels (Karin 1985; Hidalgo et al. 1990), although the effects of 
environmental stress on induction of MT in fish are not clear (Thomas and 
Wofford 1984; Olsson et al. 1987; Overnell et al. 1987; Benson et al. 
1990). Moreover, several studies of the same species of fish have found 
groups of low molecular weight, heat-stable metal ligands, in addition to 
MT, that bind cadmium (Thomas et al. 1983b; Spry and Wood 1989), whereas 
other studies have not (Olsson et al. 1989)--casting doubt on the use of MT 
as a sole indicator of metal exposure. 
Hamilton et al. (1987a,b) evaluated the MT measurement and its 
usefulness as an indicator of exposure to aqueous cadmium in brook trout 
Salvelinus fontinalis. They concluded that free (unbound) cadmium in fish 
liver, not MT concentration, may be the best indicator of cadmium toxicity 
in fish. In addition, several laboratory experiments with juvenile 
bluegills have found that free hepatic cadmium concentration was the most 
sensitive indicator of aqueous cadmium exposure (Section I). The 
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concentration of free cadmium in fish liver is procedurally determined; 
specifically, free cadmium is defined as the concentration of cadmium in 
the 100,000 X gravity liver supernatant minus the concentration of cadmium 
in the unsaturated MT assay supernatant (Hamilton et al. 1987a,b). The 
assay for unsaturated MT quantifies the concentration of cadmium bound to 
MT in its natural state. 
The objectives of this study were (1) to assess the bioavailability to 
fish of cadmium in resuspended river sediment and (2) to evaluate free 
cadmium and MT in fish liver as indicators of exposure to 
sediment-associated cadmium. I show that sediment-associated cadmium was 
biologically available; concentrations of the metal in whole bluegills 
exposed to resuspended sediment were 1.5- to 3.5-fold the concentration in 
control fish and were positively correlated with the concentrations of 
cadmium in water, resuspended sediment, and bulk river sediment after 28-d 
exposures. Furthermore, whole-body concentrations of cadmium in bluegill 
were a better indicator of cadmium exposure from sediment than either free 
cadmium or MT concentrations in bluegill liver. 
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MATERIALS AND METHODS 
Sediment Collection 
Five sampling sites in three rivers were selected to provide a range of 
cadmium concentrations for sediment testing (Figure 1). All sites were 
depositional areas that contained relatively fine-grained sediments. Two 
sites were in the upper Mississippi River (Lake Pepin in Pool 4 at river 
mile 766.6; Big Lake in Pool 9 at river mile 667.0), two sites were in the 
Des Plaines River in the industrial corridor downstream from the Chicago 
metropolitan area (upstream of the Brandon Road lock and dam in the Brandon 
Road Pool at river mile 286.3; upstream of the confluence with the Kankakee 
River near Harborside Marina in the Dresden Island Pool at river mile 
273.6), and one site was in the Illinois River (Lake Peoria in the Peoria 
Pool at river mile 164.0). Surficial sediment (uppermost 5 cm) was 
collected from each site with a stainless steel, van Veen sampler during 
June 11-25, 1990. Sediment from three to six grabs was combined to yield a 
single composite sample from each site. Samples were placed into 3.78-L 
glass jars, held on ice in the dark, and transported to the laboratory, 
where they were passed through a series of stainless steel sieves (2.0- and 
1.0-mm mesh) to remove any large organic particles or other debris. The 
sediments were stored wet in the glass jars covered with parafilm® at 4'C 
until testing and analyses. 
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Figure 1. Sediment sampling sites, identified by Pool (key to site codes: 
4 = Pool 4 of the upper Mississippi River; 9 = Pool 9 of the 
upper Mississippi River; P = Peoria Pool of the Illinois River; 
DI = Dresden Island Pool of the Des Plaines River; BR = Brandon 
Road Pool of the Des Plaines River) 
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Test Organisms 
Juvenile bluegills were obtained from the National Fisheries Research 
Center in La Crosse, Wisconsin, during spring 1990. Bluegills were 
maintained in a holding tank supplied with well water (pH 8.0, alkalinity 
106 mg/L as CaCOj, hardness 141 mg/L as CaCOj, specific conductance 291 
fiS/cm, temperature 12°C) and allowed to feed ad libitum on Zeigler #1 
salmon starter (Zeigler Brothers, Inc., Gardners, PA) twice daily. The 233 
fish used in analyses at the completion of the test averaged 50 mm in total 
length (range 38-68 mm) and 2.03 g in wet weight (range 0.57-5.55 g). 
Exposure System 
After acclimation (3-5 d) of the juvenile bluegills to the test 
temperature (22°C), a 28-d laboratory bioassay was conducted. The 
experimental unit was a circular glass exposure chamber (Figure 2), which 
revolved on motor-driven supports (3.33 revolutions per min) in a water 
bath to maintain sediment in suspension. Each test chamber contained about 
45 L of well water. The experimental design was a randomized block that 
included three replicates in each of six treatments (five sediment 
exposures and one sediment-free control). A pre-determined mass of wet 
sediment (calculations based on wet weight to dry weight ratio) from each 
of the five sites was placed into separate revolving exposure chambers to 
maintain a nominal concentration of total suspended solids (TSS) 
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Figure 2. Sediment exposure test chamber and water bath. 
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of 1000 mg/L. The test chamber was then revolved for 24 h to allow for 
loss of cadmium from the sediments to the walls and joints of the exposure 
chamber. After 24 h, the chambers were emptied, rinsed lightly with well 
water, and refilled with water and sediment as previously described. In 
each replicate, 25 juvenile bluegills were exposed to resuspended sediment 
for 28 d. A two-thirds renewal of fresh well water (about 30 L) and wet 
sediment was conducted on days 7, 14, and 21 of the bioassay. The mass of 
wet sediment added to each chamber during the renewal was based on the 
measured TSS concentration during the preceding week. This ensured close 
approximation to the desired TSS concentration of 1000 mg/L in all test 
chambers. 
Test Conditions 
Well water was used as test water. The alkalinity, hardness, specific 
conductance, TSS, turbidity, and ammonia of test water in each exposure 
chamber were measured on days 3, 10, 17, and 24, and the pH, temperature, 
and dissolved oxygen were measured daily throughout the test (Table 1). 
Water quality characteristics were determined by standard methods (USERA 
1983). The pH and temperature were measured with a Beckman model § 21 
meter, dissolved oxygen with a Yellow Springs Instrument (YSI) model 57 
oxygen meter, and ammonia-nitrogen with a Technicon TRAACS® 800 
auto-analyzer (Bran+Lubbe Analyzing Technologies Inc.). The specific 
conductance was measured with a Hanna Instruments model HI-8033 meter. The 
photoperiod was maintained at 16-h light: 8-h dark during testing and in 
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Table 1. Characteristics of test water measured in exposure chambers 
during the 28-d sediment bioassay 
Grand Range of treatment 
Variable (unit) mean mean 
PH 7.8 7.7-7.9 
Alkalinity (mg/L as CaCOj) 107 97-120 
Hardness (mg/L as CaCOj) 147 139-156 
Specific conductance (pS/cm) 307 304-314 
Temperature (°C) 21.9 21.8-22.0 
Dissolved oxygen (mg/L) 7.3 7.1-7.7 
Total suspended solids (mg/L)* 975 917-1120 
Turbidity (NTU)* 588 378-744 
Ammonia (mg/L) 0.33 0.08-1.16 
* The mean for the sediment-free control treatment was not included in the 
mean or range 
the initial holding period. Test fish 
(Zeigler Brothers, Inc., Gardners, PA) 
per day of body weight. Mortality was 
removed from the chambers. 
were fed Zeigler #1 salmon starter 
twice daily at a rate of 1.5-2.0% 
recorded daily, and dead fish were 
Sample Analyses 
Sediment 
Determinations of total recoverable cadmium in bulk river sediment were 
made on 1.00-g air-dried samples, digested in 75-mL ignition tubes with 10 
mL of deionized water (15-18 Mfi/cm), 5 mL of 16 N HNO3, and 10 mL of 12 N 
HCl (acids were Instra-Analyzed®, J.T. Baker Chemical Co.) in aluminum 
heating blocks for 1 h at 50°C followed by 4 h at 95°C. Samples for 
analysis of cadmium in resuspended sediment (includes aqueous cadmium) were 
taken weekly (at the same time water quality samples were taken) from each 
chamber. Determinations of total recoverable cadmium in resuspended 
sediment from bioassay chambers were measured on 50-mL acidified (pH < 2) 
water samples, digested in 75-mL ignition tubes with 5 mL of 16 N HNO3 
(Instra-Analyzed®, J.T. Baker Chemical Co.) in aluminum heating blocks for 
16 h at 95°C. Total cadmium in digestates of filtered (Nucleopore® 
polycarbonate membrane, 0.45 jum, 47-mm diam), diluted bulk, and resuspended 
sediment was determined with an Instrumentation Laboratory model 551 atomic 
absorption spectrophotometer. Bulk sediment was analyzed with flame atomic 
absorption spectrophotometry in an air-acetylene flame and resuspended 
sediment was analyzed with graphite furnace atomic absorption 
spectrophotometry using a model 655 furnace atomizer and a model 254 
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FASTAC® auto-sampler. Bulk sediment was also analyzed for copper, nickel, 
lead, chromium, zinc, and aluminum; digestion, filtration, and analytical 
procedures for these metals were identical to those described for cadmium, 
except that chromium and aluminum were analyzed in a nitrous 
oxide-acetylene flame. A deuterium lamp provided background correction of 
nonatomic interferences during determinations of cadmium, lead, and zinc. 
Sediment texture was determined on both bulk and resuspended sediment 
with the sieve-pipet method (Guy 1969; Plumb 1981). Sediment particle 
sizes were classified as follows: sand (62-2000 pm), silt (4-62 im), and 
clay (<4 jum). The volatile matter content of bulk sediment from each site 
was estimated by loss on ignition at 550°C (APHA et al. 1989). 
Fish 
After the 28-d exposure, all surviving fish in each chamber (replicate) 
were euthanized with MS-222 (Finquel®), consecutively rinsed in well and 
deionized water to remove sediment particles and two composite 
samples—each containing five fish--were randomly selected for analysis of 
cadmium in various liver fractions and MT. Individual fish in a composite 
sample were measured (total length) to the nearest millimeter, weighed to 
the nearest 0.01 g, and promptly dissected on an ice-cold glass plate. 
Livers were removed whole and promptly rinsed in an ice-cold rinse buffer 
containing 1:1 (v:v) 154 mM KCl and 10 mM Tris-HCl (pH 7.6). Individual 
livers were weighed by placing the rinsed liver into a tared, 6-mL glass 
scintillation vial containing 2 mL of homogenization buffer [1:1:1 (v:v:v) 
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250 mM sucrose, 2.5 mM dithiothreitol, and 50 mM Tris-HCl (pH 7.6)]. After 
weighing individual livers, the vial containing the composite sample of 
five livers was quickly frozen on dry ice and stored at -91°C until 
homogenization. 
Liver samples were thawed at room temperature for about 10-15 min and 
quantitatively transferred (with an additional 3 mL of homogenization 
buffer) to a 15-mL glass homogenizer tube setting in a beaker of ice. The 
ice-cold liver samples were then homogenized (total homogenization buffer 
volume of 5 mL) with 10 passes of a Teflon® homogenizer (TRI-R STIR-R, 
model K41, TRI-R Instrument Co.; setting of 4). Homogenates were then 
diluted to 11 mL with homogenization buffer and promptly heat-denatured in 
a boiling water bath (100°C) for 3 min to eliminate protease activity. 
After heat-denaturation, homogenates were rapidly cooled with ice for 3 
min, and two 5-mL aliquants were withdrawn and placed into 8-mL thickwalled 
polycarbonate ultracentrifuge tubes. Samples were centrifuged at 10,000 X 
gravity for 20 min at 4°C (Beckman Model L8-55M ultracentrifuge, Type 50 
rotor) to remove particulate matter. The supernatant was then transferred 
to a second 8-mL thickwalled polycarbonate ultracentrifuge tube and 
centrifuged at 100,000 X gravity for 20 min at 4*0 to obtain the 
cytoplasmic fraction. The supernatants of the two aliquants representing a 
single composite liver sample were then combined and stored at -20°C until 
analysis for cadmium or use in the saturated MT and unsaturated MT assays. 
The 100,000 X gravity supernatants were thawed at room temperature for 
about 15-20 min and separate aliquants were removed for cadmium analysis, 
the saturated MT assay, and the unsaturated MT assay. The saturated MT 
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assay for the indirect quantitation of MT was conducted with the 
cadmium-saturation method of Eaton and Toal (1982, 1983) except that 
cadmium incorporation was measured with graphite furnace atomic absorption 
spectrophotometry, not with ^°'Cd radioactivity. In the saturated MT 
assay, 500 /iL of 100,000 X gravity supernatant and 250 (il of a 0.32 ng/pL 
cadmium solution (as cadmium chloride; 3.56 nmol Cd/mL total assay volume) 
were placed into a 1.5-mL polypropylene microcentrifuge tube and incubated 
at room temperature for 10 min. Then, 250 /iL of a 2% (w:v) bovine 
hemoglobin (Hb; Sigma H2500) solution (made with homogenization buffer) was 
added and incubated at room temperature for 10 min. The Hb was then 
denatured in a boiling water bath (lOO'C) for 3 min, cooled on ice for 3 
min, and centrifuged at 10,000 X gravity for 5 min (Savant model HSCIOKA, 
model HSR48 rotor). The Hb addition step was repeated once, and 500 fit of 
the final supernatant was withdrawn for cadmium analysis. The 
concentration of MT was calculated by the equation given by Hamilton et al. 
(1987a), which was based on the assumptions of 112.4 ng Cd/nmol Cd, 7 nmol 
Cd/nmol MT, and 1 nmol MT/6000 ng MT. 
The unsaturated MT assay for the quantitation of MT in its natural 
state was conducted with the method of Hamilton et al. (1987a,b). In the 
unsaturated MT assay, 500 /iL of 100,000 X gravity supernatant and 250 fil of 
1% (w:v) bovine hemoglobin solution were placed into a 1.5-mL polypropylene 
microcentrifuge tube and incubated at room temperature for 10 min. The Hb 
was then denatured in a boiling water bath (lOO'C) for 3 min, cooled on ice 
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for 3 min, and centrifuged at 10,000 X gravity for 5 min. The Hb addition 
step was repeated once, and 500 nl of the final supernatant was withdrawn 
for cadmium analysis. 
Total cadmium concentrations were measured in 500-pL subsamples of the 
100,000 X gravity supernatant, the saturated MT assay supernatant, and the 
unsaturated MT assay supernatant, which were placed in 6-mL glass 
scintillation vials, loosely capped with Teflon®-lined caps, and digested 
with 500 nl of 16 N HNO3 (Ultrex®, J.T. Baker Chemical Co.). Scintillation 
vials were placed in a water bath at 70°C for 8 h. Total cadmium in 
diluted digestates was determined with an Instrumentation Laboratory model 
551 atomic absorption spectrophotometer equipped with a model 655 furnace 
atomizer and a model 254 FASTAC® auto-sampler. 
In addition to the fish sampled for liver tissue, three fish from each 
replicate were randomly selected and analyzed for whole-body cadmium 
concentration. Each of these fish was measured (total length) to the 
nearest millimeter, weighed to the nearest 0.01 g, and placed into a 
labelled Ziploc® bag. The fish were promptly frozen on dry ice and stored 
at -40°C until lyophilization. Each fish was lyophilized to a constant 
weight (96 h) at a condenser coil temperature of -60°C and weighed to the 
nearest 0.01 g. Total cadmium concentrations were measured on whole 
lyophilized bluegills that were digested in 75-mL ignition tubes with 5 mL 
of 16 N HNO3 (Instra-Analyzed®, J.T. Baker Chemical Co.) in aluminum 
heating blocks for 24 h at 95°C. Total cadmium was determined by flame 
atomization with an Instrumentation Laboratory model 551 atomic absorption 
spectrophotometer. 
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Water 
Total concentrations of cadmium in test water (termed "aqueous 
cadmium") were measured on water samples taken weekly (at the same time 
water quality samples were taken) from each chamber. Samples of water were 
filtered (Nucleopore® polycarbonate membrane, 0.45 /tm, 47-mm diam), 
acidified with 16 N HNO3 (Ultrex®, J.T. Baker Chemical Co.) to pH < 2, and 
analyzed directly by graphite furnace atomic absorption spectrophotometry. 
Total cadmium was quantified with an Instrumentation Laboratory model 551 
atomic absorption spectrophotometer equipped with a model 655 furnace 
atomizer and a model 254 FASTAC® auto-sampler. 
Quality Assurance 
Equipment, sample containers, and glassware were washed with Liquinox® 
detergent, rinsed with tap water, soaked at least 12 h in 8 N HNO3, and 
rinsed in deionized water (15-18 MO/cm). Delicate or less acid-resistant 
labware, such as ultracentrifuge and microcentrifuge tubes, was washed with 
Liquinox® detergent, rinsed with tap water, soaked at least 4 h in 1.6 N 
HNO3 and rinsed in deionized water. Stainless steel dissection instruments 
were washed with Liquinox® detergent, rinsed with tap water, and rinsed in 
deionized water. 
A set of quality-assurance samples was analyzed with each batch of 
samples to estimate the accuracy of metal determinations. Each set of 
quality assurance samples included (1) one or more standard reference 
materials that approximated the matrix and concentration range of the 
samples, (2) spiked samples, (3) replicate samples, and (4) procedural 
blanks and calibration standards. A standard addition procedure was also 
used with each type of material analyzed to evaluate matrix interference. 
Sediment 
During analyses of bulk and resuspended sediment for cadmium and other 
metals, procedural blanks were taken through storage, digestion, and 
filtration procedures to assess contamination from containers, reagents, 
and equipment. Analysis of U.S. National Institute of Standards and 
Technology (NIST, formerly named the National Bureau of Standards) standard 
reference materials (Buffalo River sediment, SRM 2704; river sediment, SRM 
1645) yielded concentrations of cadmium, copper, nickel, lead, chromium, 
and zinc within the certified concentration range in 66 of 72 
determinations. All 36 of the determinations made during analyses of bulk 
sediment were within the certified concentration ranges. During analyses 
of resuspended sediment for total cadmium, six of the 18 measurements of 
Buffalo River sediment averaged 32% above the certified concentration 
range; all 18 of the NIST river sediment samples were within the certified 
range. Recoveries of metals from 14 spiked samples of bulk sediment 
averaged 101% (range 93 to 112%). Method precision (relative standard 
deviation, RSD), estimated from analyses of 14 triplicate sediment samples, 
averaged 2.1% and ranged from 0.1 to 4.3%. Mean recoveries of cadmium from 
spiked samples of resuspended sediment ranged from 95 to 106% (n = 15), and 
the mean RSD of triplicate samples was 4.2% (range 0.7 to 11.9). For 
conditions used in analyses of bulk sediment samples, my estimated 
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analytical detection limits in samples with low metal concentrations were 
as follows (in /ig/g dry weight): cadmium, 0.003; copper, 1.2; nickel, 
0.05; lead, 2.8; chromium, 2.1; zinc, 0.07; and aluminum, 998. For 
conditions used in analyses of resuspended sediment samples, my estimated 
analytical detection limit in samples with low cadmium concentrations was 
0.006 ng/l. Metal concentrations exceeded the detection limits in all 
samples. 
Fish 
During analyses of fish liver, procedural blanks were taken through 
homogenization, centrifugation, assay, and storage procedures to assess 
contamination from reagents, equipment, and containers. Procedural 
analysis of a purified (noncertified) rabbit cadmium-zinc MT standard 
(Sigma M7641; estimated cadmium concentration of 75.2 fig/mg) standard was 
used to assess possible underestimation (removal of cadmium from MT binding 
sites by Hb) or overestimation (incomplete removal of added cadmium by Hb) 
of cadmium concentrations during the unsaturated and saturated MT assays. 
The recovery of cadmium from six cadmium-zinc MT samples processed through 
the unsaturated MT assay averaged 77% (range 61-101%), and recovery from 
six cadmium-zinc MT samples processed through the saturated MT assay 
averaged 80% (range 61-100%). Analysis of six cadmium-zinc MT samples in 
homogenization buffer (approximating the matrix of the 100,000 X g 
supernatant samples) yielded a recovery of cadmium averaging 81% and 
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ranging from 63 to 100%. The mean recovery of cadmium from six spiked 
liver fraction samples was 101% (range 97-105%), and the RSD from analyses 
of triplicate subsamples of liver fractions for cadmium averaged 4.6% 
(range 3.8-5.7%). 
Analysis of a National Resource Council of Canada (NRCC) standard 
reference material (dogfish muscle, DORM-1) with each batch of 
liver-fraction samples yielded mean measured concentrations of cadmium 
within the NRCC certified range in all three determinations. Analyses of 
another NRCC standard reference material (dogfish liver, DOLT-1) during 
determinations of cadmium in whole bluegills yielded cadmium concentrations 
within the certified range in all three determinations. The recovery of 
cadmium from three spiked fish samples averaged 94% (range 91-96%). Method 
precision (RSD), estimated from analyses of three triplicate fish samples, 
averaged 4.3% and ranged from 1.0 to 8.0%. For conditions used in sample 
analyses, my estimated analytical detection limits in samples with low 
cadmium concentrations were as follows: 100,000 X gravity supernatant, 4.0 
ng/g; unsaturated MT assay supernatant, 5.9 ng/g; saturated MT assay 
supernatant, 10.5 ng/g; and whole bluegill, 0.02 /tg/g wet weight. 
Concentrations of cadmium exceeded the detection limits in all samples. 
A sample of the fish ration was analyzed for selected metals by atomic 
absorption spectrophotometry. Measured mean concentrations (/ig/g dry 
weight) of metals in triplicate subsamples of the ration were 0.61 for 
cadmium, 16.4 for copper, and 269 for zinc. 
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Water 
A standard addition procedure revealed the presence of a consistent 
matrix interference (a 20-30% depression) during analysis of filtered test 
water for cadmium when calibration standards were made with deionized water 
(15-18 Mfi/cm). Therefore, a well-water matrix similar to that of the 
samples was used to make blanks and calibration standards. The regression 
slopes of the resulting standard curves did not differ from the slopes 
obtained from the standard addition procedure. 
Analysis of U.S. Environmental Protection Agency (EPA) quality control 
samples (Trace Metals, AA) yielded mean cadmium concentrations within the 
Agency's 95% confidence intervals in all eight determinations. The 
recovery of cadmium from six spiked water samples averaged 100% (range 
91-104%). The relative standard deviation from analyses of six triplicate 
water samples for cadmium averaged 5.0% (range 2.1-11.2%). For conditions 
used in analyses of filtered test water, my estimated analytical detection 
limit in samples with low cadmium concentrations was 0.004 fig/l. 
Concentrations of cadmium exceeded the detection limit in all samples. 
Analysis of EPA quality control samples for minerals and pH, nutrients 
(sample 1), residues, and turbidity, done in conjunction with the weekly 
analyses of test-water samples, yielded mean values for pH, alkalinity, 
hardness, specific conductance, total non-filterable residue, turbidity, 
and ammonia that were within the Agency's 95% confidence intervals in 65 of 
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70 determinations. Two of 24 turbidity determinations yielded values 
slightly (<5%) below the confidence intervals, and three of 21 measurements 
of total non-filterable residue yielded values slightly (<6%) above the EPA 
interval. 
Statistical Analyses 
Statistical analyses were performed with PC-SAS (SAS Institute Inc. 
1987). Variation among treatments in the concentrations of cadmium in 
bluegill liver and assay supernatants, whole fish, and metallothionein was 
evaluated with one-way analysis of variance (ANOVA). Before ANOVA, all 
variables were examined for homogeneity of variances with Hartley's F^ax 
test (Sokal and Rohlf 1981). Variances of all dependent variables 
examined, except free cadmium concentration in bluegill liver, were judged 
to be unequal; therefore, the data with heterogeneous variances were 
logarithmically transformed before ANOVA. Pairwise contrasts of treatment 
means were made with Tukey's hsd test. A Type I error (a) of 0.05 was used 
to judge the significance of statistical tests. The Pearson correlation 
coefficients were calculated with individual data. 
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RESULTS 
Mean concentrations of cadmium and all of the other metals studied 
except aluminum in sediments were lowest at the Big Lake site (upper 
Mississippi River, Pool 9) and highest at the Brandon Road site (Des 
Plaines River, Table 2). Mean concentrations of cadmium in bulk sediments 
from the five sites ranged from 1.3 to 21.4 fig/g dry weight, and RSDs 
ranged from 0.1 to 3.4%. Mean concentrations of cadmium in the resuspended 
sediment in the five treatments ranged from 0.61 to 16.8 ng/l, and cadmium 
in filtered test waters (aqueous cadmium) ranged from 0.008 to 0.072 /tg/L 
(Table 3). Mean concentrations of cadmium in all three fractions (bulk, 
resuspended, and aqueous) were lowest in the Big Lake treatment and highest 
in the Brandon Road treatment. There was a strong correlation between the 
concentration of aqueous cadmium and that in bulk sediment (r = 0.89, p < 
0 . 0 1 ) .  
The bulk sediment from the Lake Pepin site (upper Mississippi River, 
Pool 4) had the greatest percentage of moisture and clay, whereas sediment 
from the Brandon Road site had the greatest proportion of volatile matter, 
a surrogate measure of total organic carbon (Table 4). The Lake Pepin 
treatment had a greater proportion of clay (90%) maintained in suspension 
during the bioassay than the other sediment treatments, which ranged 33-57% 
in clay content. 
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Table 2. Mean concentrations of metals in bulk sediment from the 
Mississippi, Des Plaines, and Illinois rivers (n = 3 
determinations for each site; standard deviation in parentheses) 
Metal concentration (pg/g dry weight) 
River and 
site Cd Cr Cu Ni Pb Zn A1 
Mississippi River 
Pool 9, Big Lake 1.3 42 16 28 11 38 7,850 
(0.0) (1) (0) (0) (1) (0) (333) 
Pool 4, Lake Pepin 4.1 97 43 51 56 210 28,341 
(0.1) (1) (0) (2) (0) (7) (172) 
Illinois River 
Lake Peoria 4.5 72 51 56 49 307 25,379 
(0.1) (1) (0) (0) (1) (0) (255) 
Des Plaines River 
Harborside Marina 9.5 134 93 91 132 640 10,097 
(0) (2) (1) (2) (5) (11) (435) 
Brandon Road 21.4 277 224 112 264 1179 15,600 
(0.1) (1) (1) (2) (2) (16) (9) 
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Table 3. Cadmium concentrations in filtered water (0.45 /im; aqueous 
cadmium) and present in resuspended river sediment (n = 12 
determinations for each treatment) 
Resuspended sediment 
Aqueous fraction fraction 
Mean concn RSD* Mean concn RSD 
Treatment (pg/L) (%) (pg/L) (%) 
Sediment-free control 0.008 37 
Pool 9, Big Lake 0.008 57 0.61 35 
Pool 4, Lake Pepin 0.013 29 2.3 32 
Lake Peoria 0.021 22 1.9 64 
Harborside Marina 0.047 29 10.3 30 
Brandon Road 0.072 55 16.8 34 
® Relative standard deviation 
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Table 4. Physical characteristics of bulk and resuspended river sediment 
used in the sediment bioassay 
Bulk Resuspended 
Particle size (%) Particle size (%) 
Volatile 
Moisture matter 
Treatment (%) (%) Sand Silt Clay Sand Silt Clay 
Pool 9 66.5 8.6 5.4 64 30 2.5 65 33 
Pool 4 82.2 15.8 0.2 19 81 0.1 10 90 
Peoria 65.9 13.1 0.4 44 56 0.3 43 57 
Harborside 50.6 15.7 52 24 24 30 36 35 
Brandon 67.2 21.8 16 42 41 9.4 46 45 
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Mean TSS, which varied from 917 to 1120 mg/L in the five sediment 
treatments, were lowest in the treatment with sediment from Harborside 
Marina and highest in the treatment with sediment from Brandon Road. The 
average TSS concentration for all treatments during the bioassay was 975 
mg/L, near the target TSS concentration of 1000 mg/L. The coefficient of 
variation in TSS concentration for the three replicates of a given 
treatment averaged 40%. In contrast, mean turbidity was lowest in the Big 
Lake treatment (378 NTU), and highest in the Lake Pepin treatment (744 
NTU). The concentration of aqueous cadmium in exposure chambers was 
correlated with TSS (r = 0.40, p < 0.01) and turbidity (r = 0.41, p < 
0.01). 
Mean concentrations of ammonia, which varied from 0.08 to 0.39 mg/L in 
the five sediment treatments, were lowest in the treatments with sediment 
from the Big Lake and Lake Peoria sites and highest in the treatment with 
sediment from the Brandon Road site. Ammonia in the sediment-free control 
averaged 1.16 mg/L. Mean concentrations of ammonia were highest in all 
treatments during the first 2 weeks of the bioassay and decreased in 
concentration over time. 
Mean whole-body cadmium concentrations of juvenile bluegills varied 
among treatments (one-way ANOVA; p < 0.01), ranging from 0.04 to 0.14 pg/g 
wet weight (Table 5). Cadmium concentrations in whole juvenile bluegills 
exposed to resuspended river sediment for 28 d were 1.5- to 3.5-fold those 
in sediment-free controls. Mean concentrations were lowest in fish from 
the sediment-free control and highest in fish in the Brandon Road 
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Table 5. Cadmium concentrations in whole juvenile bluegills exposed to 
resuspended river sediment for 28 d, listed in order of 
increasing cadmium concentration in bulk river sediment (n = 9 
individual fish for each treatment) 
Cadmium concentration (pg/g wet weight) 
Treatment Mean* Range 
Sediment-free control 0.04 a 0.03-0.06 
Pool 9, Big Lake 0.06 ab 0.04-0.09 
Pool 4, Lake Pepin 0.08 ab 0.04-0.14 
Lake Peoria 0.09 ab 0.06-0.11 
Harborside Marina 0.10 be 0.07-0.14 
Brandon Road 0.14 c 0.07-0.25 
* Any two means not accompanied by a common letter were judged to be 
significantly different (a = 0.05), based on Tukey's hsd test 
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treatment. In sediment-exposed fish, the mean concentrations of cadmium 
were lowest in the Big Lake treatment. Only fish exposed to the two most 
cadmium-contaminated sediments--the Harborside Marina and Brandon Road 
treatments, both from the Des Plaines Ri ver--had mean whole-body 
concentrations of cadmium that differed from the sediment-free controls. 
Mean concentrations of free cadmium in the liver (one-way ANOVA, p < 
0.05) and of cadmium in the 100,000 X gravity supernatant differed among 
treatments (one-way ANOVA, p < 0.01; Table 6). There was a dose-response 
correlation between most fish variables measured and the concentration of 
cadmium in the aqueous, resuspended-sediment, and bulk-sediment fractions 
(Table 7). All of the fish variables measured, except the concentration of 
cadmium in the unsaturated MT assay supernatant, were correlated with 
aqueous cadmium. In addition, whole-body concentrations of cadmium in 
bluegills were related to free cadmium concentrations in bluegill liver. 
Concentrations of cadmium in whole bluegills were positively correlated 
with the free cadmium concentration in bluegill liver (r = 0.40, p < 0.05). 
Whole-body concentrations of cadmium in bluegills were not correlated with 
MT concentrations (r = 0.33, p = 0.06) in bluegill liver. 
The lowest observed effect concentration (LOEC) of cadmium, based on 
Tukey's hsd minimum significant difference (Tables 5, 6, and 8) in the 
aqueous, resuspended-sediment, and bulk-sediment fractions suggested that 
whole-body cadmium concentration was a more sensitive indicator of cadmium 
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Table 6. Cadmium concentrations in various liver fractions (MT denotes 
metallothionein; standard deviation in parentheses) of juvenile 
bluegills exposed to resuspended river sediment for 28 d (six 
composite liver samples were analyzed for each treatment, with 
five bluegill livers in each composite sample) 
Mean cadmium concentration (ng/g)* 
100,000 X Unsaturated Saturated 
gravity MT assay Free MT assay 
Treatment supernatant supernatant cadmium supernatant 
Sediment-free 298 a 87 211 a 1202 
control (78) (8) (76) (261) 
Big Lake, 451 ab 133 318 ab 1368 
Pool 9 (103) (30) (98) (259) 
Lake Pepin, 454 ab 140 314 ab 1429 
Pool 4 (119) (46) (74) (322) 
Lake Peoria 446 ab 123 323 ab 1506 
(101) (35) (70) (385) 
Harborside 505 b 150 355 ab 1663 
Marina (67) (31) (72) (270) 
Brandon 564 b 156 408 b 1741 
Road (102) (55) (63) (293) 
For a given variable, any two means not accompanied by a common letter 
were judged to be significantly different (a = 0.05), based on Tukey's 
hsd test 
72 
Table 7. Pearson correlation coefficients (r) of cadmium concentrations in 
filtered water (0.45 /im; aqueous cadmium), resuspended sediment, 
bulk sediment with concentrations of metallothionein (MT), 
whole-body cadmium, and cadmium in various liver fractions of 
juvenile bluegills after exposure to resuspended river sediment 
for 28 d 
Cadmium fraction* 
Resuspended Bulk 
Fish variable Aqueous sediment sediment 
100,000 X gravity supernatant 0.47 ** 0.54 ** 0.59 ** 
Unsaturated MT assay supernatant 0.30 ns 0.39 * 0.41 * 
Free cadmium concentration 0.42 * 0.46 ** 0.49 ** 
Metallothionein concentration 0.43 ** 0.43 ** 0.46 ** 
Whole-body cadmium concentration 0.62 ** 0.65 ** 0.66 ** 
® Statistical significance of correlation coefficients indicated at the 
0.05 (*) and 0.01 (**) levels; "ns" indicates nonsignificance (p > 0.05) 
73 
Table 8. Liver weights and metallothionein (MT) concentrations (standard 
deviation in parentheses) in liver of juvenile bluegills exposed 
to resuspended river sediment for 28 d (six composite liver 
samples were analyzed for each treatment, with five bluegill 
livers in each composite sample) 
Mean liver wt (g) Mean MT concn 
Treatment of composite sample (pg/g) 
Sediment-free control 0.2358 9.2 
(0.02) (2.0) 
Pool 9, Big Lake 0.1559 10.4 
(0.02) (2.0) 
Pool 4, Lake Pepin 0.1723 10.9 
(0.03) (2.5) 
Lake Peoria 0.1671 11.5 
(0.05) (2.9) 
Harborside Marina 0.1735 12.7 
(0.01) (2.1) 
Brandon Road 0.1675 13.3 
(0.04) (2.2) 
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exposure than either free cadmium or MT concentration in bluegill liver. 
Cadmium concentrations in whole juvenile bluegills were significantly 
elevated, relative to those in sediment-free controls, in treatments with 
cadmium concentrations as low as 0.047 pg/L (aqueous cadmium), 10.3 /xg/L 
(resuspended sediment), and 9.5 /tg/g dry weight (bulk sediment). For free 
cadmium concentrations in bluegill liver, the LOEC of cadmium was 0.072 
lig/l for aqueous cadmium, 16.8 pg/L for resuspended sediment, and 21.4 pg/g 
dry weight for bulk sediment. Concentrations of MT in treatment fish were 
not significantly elevated relative to sediment-free controls for any of 
the sediments tested; therefore, the LOEC of cadmium for MT concentrations 
in bluegills in this study exceeded 0.072 fig/l for aqueous cadmium, 16.8 
ng/l for resuspended sediment, and 21.4 jug/g dry weight for bulk sediment. 
Mortality of test fish did not show a dose-response relation to cadmium 
exposure concentration. Mortality occurred in each replicate with sediment 
from Lake Pepin. These sediments had intermediate concentrations of 
cadmium (4.1 /ig/g dry weight), yet mortality averaged 24% and ranged 20-28% 
in the three replicates. Moreover, mortality of fish first occurred at 
similar times (day 13-19) during the test in each Lake Pepin replicate. No 
mortality occurred in the other treatments, with the exception of one fish 
in a single replicate of the Lake Peoria treatment. Likewise, no mortality 
occurred in the sediment-free controls. 
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DISCUSSION 
My study showed that sediment-associated cadmium released into the 
water column during sediment resuspension was biologically available. 
Juvenile bluegills exposed to resuspended sediment from two sites 
accumulated significantly more cadmium than the fish in the sediment-free 
controls. Moreover, the whole-body concentrations of cadmium in bluegills 
were more strongly correlated with cadmium concentration in aqueous, 
resuspended sediment, and bulk sediment than were either free cadmium or MT 
concentrations in bluegill liver (Table 7). 
The whole-body concentration of cadmium in bluegills was a more 
sensitive indicator of cadmium exposure when the LOEC of cadmium was 
compared for the three response variables of primary interest (free cadmium 
and MT concentrations in bluegill liver and whole-body cadmium 
concentration in bluegills). The range of cadmium contamination in bulk 
river sediment producing a detectable biological response in my study was 
between 4.5 and 9.5 jug/g dry weight; corresponding aqueous cadmium 
concentrations were between 0.021 and 0.047 pg/L. A linear regression 
between whole-body cadmium concentrations in bluegills and concentrations 
of cadmium in filtered water and bulk sediment with Tukey's hsd minimum 
significant difference allowed the prediction of the concentration of 
cadmium in bulk sediment and water that would yield statistically 
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significant effects. The predicted concentration of cadmium in bulk 
sediment yielding significant effects was 8.2 /tg/g dry weight, which would 
have corresponded to an aqueous cadmium concentration of 0.033 /xg/L in my 
bioassay. 
Exposure of bluegills to sediment-associated cadmium seemed to yield a 
different response than exposure to aqueous cadmium (provided as cadmium 
chloride) without resuspended sediment (Section I). In the 
resuspended-sediment bioassay, free cadmium concentration in bluegill liver 
was correlated with the concentration of aqueous cadmium (r = 0.42, p < 
0.05), but the strength of the correlation was weaker than that from the 
aqueous cadmium exposure (bioassay I, r = 0.92, p < 0.01). This may be 
partly attributed to an interaction between the exposed surfaces of the 
bluegills and sediment-associated cadmium. Interactions between 
metal-binding ligands on the surface of fish and aqueous metals can 
influence whole body burdens of metals. Handy and Eddy (1990), for 
example, found that gill tissue and body mucus were important sites for 
adsorption of both aluminum and zinc in rainbow trout Oncorhynchus mykiss. 
Whole-body cadmium concentration seems to be the best indicator of 
cadmium exposure from contaminated resuspended sediment (potentially due in 
part to surface adsorption phenomena), yet free cadmium concentration in 
liver may be a better indicator of potential internal toxicity of cadmium. 
The average concentration of free cadmium in bluegill liver from all 
treatments represented 71% of the cadmium in the 100,000 X gravity 
supernatant. The corresponding unsaturated MT fraction represented 29% of 
the cadmium in the 100,000 X gravity supernatant. When bluegills were 
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exposed to aqueous cadmium (provided as cadmium chloride) in clear water at 
concentrations ranging from 0.0 to 8.4 jig/l (bioassay I; Section I), the 
free cadmium in bluegill liver represented 56% of the cadmium in the 
100,000 X gravity supernatant and the unsaturated MT fraction represented 
44%. Concentrations of aqueous cadmium during exposure of bluegills to 
sediment-associated cadmium (range 0.008 to 0.072 /xg/L) were much lower 
than those in the aqueous bioassay (range 0.0 to 8.4 pg/L). Even though a 
greater proportion of free cadmium was potentially available to cause 
toxicity to enzymes and proteins in bluegill liver at the concentration 
range of aqueous cadmium in the sediment bioassay than in the aqueous 
bioassay, the average concentration of free cadmium in bluegill liver was 
much greater in the aqueous bioassay (1740 ng/g) than in the 
resuspended-sediment bioassay (322 ng/g). The sensitivity of free cadmium 
as an indicator of aqueous cadmium exposure in bluegills, as determined by 
the LOEC, differed 10-fold between the aqueous and resuspended-sediment 
exposures. The LOEC of aqueous cadmium was 0.072 /ig/L in the 
resuspended-sediment bioassay, and 0.8 /xg/L in the aqueous bioassay. 
The large difference between the concentrations of cadmium in the 
saturated and unsaturated MT fractions and the relatively large proportion 
(71%) of free cadmium suggest the presence of zinc and copper, which also 
bind to MT. Hamilton et al. (1987b) suggested that the essential metals 
zinc and copper may occupy more of the metal-binding sites on MT than does 
cadmium, due to their greater natural abundances. They further suggested 
that during low-level cadmium exposure, the binding of metals to MT depends 
on an equilibrium between the relative abundance of metals present and 
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their respective binding affinities for MT. Indeed, Brown et al. (1990) 
found that chronic exposure of scorpionfish Scorpaena guttata to aqueous 
cadmium altered zinc and copper levels in the enzyme-containing and 
MT-containing fractions and resulted in an equilibrium-dependent exchange 
of cadmium between these fractions. 
Zinc and copper were available to fish in my study through both dietary 
and aqueous routes. The concentrations of zinc and copper in fish feed 
were 269 and 16.4 /ig/g dry weight, respectively. The concentrations of 
zinc (Table 1) in bulk sediment ranged from 38 to 1179 /ig/g dry weight, 
were lowest in Big Lake sediments and highest in Brandon Road sediments. 
Copper concentrations in bulk sediments followed the same spatial trend 
among sites as zinc, ranging from 16 to 224 pg/g dry weight. Zinc 
concentrations in the resuspended sediment fraction ranged from 130 to 950 
pg/L, and copper concentrations in the resuspended sediment fraction ranged 
from 52 to 295 jug/L. The mean concentrations of zinc in water of 
sediment-free controls was 3.0 pg/L, and the corresponding concentration of 
copper was 18.3 jug/L. Concentrations of zinc and copper in filtered test 
waters were not measured. Recently, Spry and Wood (1989) evaluated the 
influence of dietary and aqueous zinc on heat-stable metal ligands in 
rainbow trout and found that the thresholds for induction of metal ligands 
in the gill and intestine (the liver did not respond significantly) were 39 
lig/l in water, and exceeded 90 jug/g in the diet, but only when aqueous zinc 
was also high. The presence of zinc and copper in test sediment, in 
addition to cadmium, may also partly explain the differences in sensitivity 
of free cadmium between aqueous cadmium exposure in clear water and aqueous 
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cadmium mobilized from resuspended sediment in my study. The complexity of 
the sediment matrix (i.e., the presence of metals other than cadmium and 
organic contaminants) and the chemical reactions of the sediment-associated 
contaminants that occur during resuspension may have resulted in an 
equilibrium-dependent exchange of cadmium between the enzyme-containing and 
MT-containing fractions (e.g., Brown et al. 1990). 
Fish accumulate cadmium chiefly in the kidney, liver, gastrointestinal 
tract, and gills (Benoit et al. 1976; Thomas et al. 1983a; Harrison and 
Klaverkamp 1989; Norey et al. 1990), and the sites of accumulation can vary 
with route of uptake. Harrison and Klaverkamp (1989), for example, found 
that the tissue distribution of cadmium in two salmonids reflected the 
route of uptake; most of the cadmium in food-exposed fish was in the gut, 
kidney, and liver, whereas water-exposed fish accumulated cadmium mostly in 
the gill and kidney. Fish eliminate cadmium primarily in the feces, and 
depuration is fairly rapid, with biological half-times ranging from 24 to 
63 d in tests with two salmonid species (Harrison and Klaverkamp 1989). 
The uptake of cadmium by fish in my studies was presumably direct, with 
the vast majority entering across the gills. Fish readily absorb aqueous 
Cd^*, and direct uptake across the gills has been widely considered to be 
the primary influx of the metal in fish (Williams and Giesy 1978; Part and 
Svanberg 1981; Kay 1985; Part et al. 1985). The assertion that the flux of 
cadmium into freshwater fish is dominated by direct uptake from water has 
been strongly challenged by the work of Harrison and Klaverkamp (1989); 
they exposed rainbow trout and lake whitefish Coregonus clupeafomis to 
dietary and aqueous cadmium and found that both species accumulated more 
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cadmium from food than from water. The bioassays of Harrison and 
Klaverkamp (1989) were conducted with hard water (Ca^* 24 mg/L, pH 7.6), 
similar to the test waters in my studies; aqueous cadmium averaged 1.3 ng/L 
in their tests, lower than the dissolved concentrations of cadmium in my 
bioassays. Nonetheless, the bioaccumulation and response to cadmium in my 
studies may be less than that in comparable situations in the field, where 
the diet may be an additional significant source of cadmium. 
Mortality of test fish occurred only in the exposures with sediment 
from Lake Pepin, which had intermediate concentrations of cadmium (4.1 jug/g 
dry weight). This mortality was presumably not due solely to cadmium, 
because no mortality occurred in the treatments involving sediment with 
higher cadmium concentrations. The bulk sediment from the Lake Pepin site 
differed physically from sediment at the other sampling sites; bulk 
sediments from the Lake Pepin site were 81% clay, whereas the bulk 
sediments from the other sites ranged 24-56% clay. The toxic agent in Lake 
Pepin sediments-'Whether chemical or physical--is unknown. 
In summary, my results show that mobilization of cadmium from sediments 
into the water column occurs during resuspension and that 
sediment-associated cadmium was biologically available. This may have 
important implications for the future status of aquatic life in rivers 
containing cadmium-contaminated sediments where food chain interactions 
would serve as an additional source of cadmium. Concentrations of MT in 
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treatment fish were not significantly elevated relative to sediment-free 
controls for any of the sediments tested; therefore, the utility of the MT 
measurement as a sole indicator of aquatic organisms to concentrations of 
cadmium typically found in the environment is questioned. 
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GENERAL SUMMARY 
Many large rivers contain contaminated sediments, which can be 
resuspended into the water column by a variety of human activities and 
natural processes. Once resuspended, the contaminated sediments are often 
deposited in important backwater and main-channel border areas that serve 
as spawning and nursery habitat for many species of fish. Although many of 
the factors that influence cadmium bioavailability from bulk and 
resuspended sediments to fish remain largely unknown, my study showed that 
resuspension of cadmium-contaminated sediments resulted in increased 
accumulation of cadmium by juvenile bluegills. Cadmium concentrations in 
whole bluegills exposed to resuspended river sediments were 1.5- to 
3.5-fold those in fish from sediment-free controls. 
Results from exposure of juvenile bluegills to aqueous cadmium 
(provided as cadmium chloride) in clear water showed that concentrations of 
free cadmium and metallothionein (MT) in bluegill livers and cadmium 
concentration in whole bluegills were positively correlated with aqueous 
cadmium concentration and were equally suitable as indicators of exposure. 
Based on the lowest observed effect concentration of cadmium for these 
three variables, free cadmium concentration in bluegill liver was the most 
sensitive indicator of aqueous cadmium exposure. In contrast, whole-body 
cadmium concentration in bluegills was a more sensitive indicator of 
cadmium exposure from sediment than either free cadmium or MT 
concentration. The differences in sensitivity of free cadmium as an 
indicator between aqueous cadmium exposure in clear water and aqueous 
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cadmium mobilized from resuspended sediment may be partly explained by the 
interactions between the exposed surfaces of the fish and the aqueous metal 
toxicants, the complexity of the sediment matrix (i.e., the presence of 
metals other than cadmium and organic contaminants), and the chemical 
reactions of the sediment-associated contaminants that occur during 
resuspension. 
Mortality of test fish occurred only in the treatment with sediment 
from Lake Pepin, which had intermediate concentrations of cadmium (4.1 pg/g 
dry weight). The cause of this mortality--whether chemical or physical--is 
unknown, but raises concern about practices that would resuspend sediments 
from this site, and warrants further study. 
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